Abstract
Wildfire affects hillslope erosion through increased surface runoff and increased sediment availability, both of which contribute to large post-fire erosion events. Relations between soil detachment rate, soil depth, flow and root properties, and fire impacts are poorly understood and not represented explicitly in commonly used post-fire erosion models. Detachment rates were measured on intact soil cores using a modified tilting flume. The cores were mounted flush with the flume-bed and a measurement was made on the surface of the core. The core was extruded upward, cut off, and another measurement was repeated at a different depth below the original surface of the core. Intact cores were collected from one site burned by the 2010 Fourmile Canyon (FMC) fire in Colorado and from one site burned by the 2010 Pozo fire in California. Each site contained contrasting vegetation and soil types. Additional soil samples were collected alongside the intact cores and were analyzed in the laboratory for soil properties (organic matter, bulk density, particle-size distribution) and for root properties (root density and root-length density).
Particle-size distribution and root properties were different between sites, but sites were similar in terms of bulk density and organic matter. Soil detachment rates had similar relations with non-uniform shear stress and non-uniform unit stream power. Detachment rates within single sampling units displayed a relatively weak and inconsistent relation to flow variables. When averaged across all clusters, the detachment rate displayed a linear relation to shear stress, but variability in soil properties meant that the shear stress accounted for only a small proportion of the overall variability in detachment rates (R 2 = 0.23; R 2 is the coefficient of determination). Detachment rate was related to root-length density in some clusters (R 2 values up to 0.91) and unrelated in others (R 2 values <0.1). The overall R 2 value improved and the range of exponents became narrower by applying a multivariate regression model where boundary shear stress and root-length density were included as explanatory variables. This suggests that an erodibility parameter which incorporates the effects of both flow and root properties on detachment could improve the representation of sediment availability after wildfire.
Introduction
Sediment availability is a critical, but relatively unknown variable needed to predict post-wildfire sediment erosion and transport as well as debris flow propagation in mountainous terrain (Moody and Martin, 2009; Nyman and others, 2011) . Soils on unburned forested hillslopes in mountainous terrains generally have three layers: (1) a litter layer of loosely interwoven organic material, (2) a duff (or humus) layer consisting of partially to completely decomposed litter material that is more rigid and compressed than the litter layer, and (3) a cohesive soil layer with some organic material DeBano and others, 2005) . The upper two layers protect the underlying cohesive soil layer from erosion. Wildfires alter this structure in severely burned areas by combusting the organics and mixing in (by thermally driven winds) mineral soil particles with the combustion products to produce a layer of non-cohesive material consisting of ash, charcoal, and soil mineral that overlays the cohesive soil matrix. In less severely burned soils, an intact duff layer (that portion of the duff that did not burn) may be sandwiched between the top non-cohesive layer and the soil cohesive layer. Soil detachment rates would be expected to vary between such different soil layers.
Detachment rates for particles within the non-cohesive layer have been determined by flow properties (such as shear stress or stream power) and particle properties (such as the critical shear stress or stream power) for initiation of motion and represent a "transport-limited case" (Foster and Meyer, 1975; Hairsine and Rose, 1992) . For the cohesive soil matrix layer, detachment rates for a given shear stress depend on the cohesive properties of the matrix as a whole, which are controlled by cohesive bonds of clay particles forming soil aggregates (Blake and others, 2007) and adhesive bonds of roots that hold the soil (Gyssels and others, 2005; De Baets and others, 2007; Grabowski and others, 2011) and produce the "detachment-limited case" (Foster and Meyer, 1975; Hairsine and Rose, 1992) . In addition to the cohesive properties, other variables can possibly affect detachment rates, such as armoring by larger particles and roots (or scouring around these elements) and the degree of water repellency. Water repellency can be relatively high in the organic component of soils unaffected by wildfire, and can be elevated by the combustion process in soils affected by wildfire (DeBano, 2000) .
The thickness of the post-wildfire erodible surface layer depends on the fuel load in the O-horizon/duff and A-horizon and on the soil burn severity, which determines the thickness of ash. The soil burn severity also changes the cohesive properties of the B-horizon by altering root strength (Busse and DeBano, 2005) and weakening organic bonds (Giovanni and others, 1988) , which in turn affect the critical shear stress for the detachment mineral soil particles (Moody and others, 2005) . Thus, the total thickness of this erodible surface layer and the associated erodibility are the data that are needed to determine sediment availability.
There is a large volume of literature on the erodibility of agricultural soils from measurements made in the field (Elliot and others, 1989) . However, less data is available for soils typical of mountainous regions susceptible to wildfire (Robichaud and others, 2010; Sheridan and others, 2007 ; Al- Hamdan and others, 2011) , and most erodibility parameters have been calculated for surface material and not as a function of depths below the soil surface, which becomes a logistical problem in the field and better explored in a laboratory flume (Nachtergaele and Poesen, 2002) . Erodibility does not have a consistent definition in the literature, because the detachment rate [g s -1 cm -2 ] is normalized by different flow variables (Moody and others, 2005; Grabowski and others, 2011) or detachment rate is expressed as a ratio of the actual rate to a rate expected for non-cohesive single-size sediment (Hairsine and Rose, 1992) .
Purpose and Scope
This report presents the results of a set of laboratory flume experiments designed to measure the detachment rates for non-cohesive and cohesive soils as a function of depth below the soil surface. Soil cores were collected from unburned and burned hillslopes in two different precipitationwildfire regimes: one in Colorado and one in California. Soil detachment rates in this report are linked to corresponding measurements of soil properties as a function of depth (soil bulk density, particle-size distributions, organic matter content), root properties (root mass and root-length density), and to the hydraulic variables (water depth, discharge, shear stress, and stream power) such that the reader can investigate detachment rates in burned soils or use the data to calculate a desired erodibility parameter.
Relations between detachment rate and hydraulic variables and root properties as a function of soil depth are presented. Power law relations are determined for replicate samples from the two different precipitation-fire regimes in order to assess the natural variability of soil erodibility after wildfire.
Soil Sampling
Detachment of sediment particles from soil depends primarily on the degree of cohesion holding particles together, which can be a function of the particle size and distribution of vegetative roots in the soil profile. Thus, the sampling strategy was designed to collect soil samples from recently burned areas with contrasting geology, soil-particle size, and vegetative characteristics. One area had been burned by the 2010 Fourmile Canyon fire in September 2010, and typically had sandy-gravelly soils with different types of coniferous vegetation on different aspects. A second area had been burned by the 2010 Pozo fire in August 2010, and typically had clayey soils and chaparral vegetation.
Site Characteristics
The area burned by the 2010 Fourmile Canyon fire was in the Front Range of the Rocky Mountains near Boulder, Colorado. This area has a Continental climate (Pepin, 2000) where the precipitation is primarily a mix of cyclonic storms in the spring and fall, convective storms in the summer, and snowstorms in late fall through early spring. Mean annual precipitation (map) from nearby Gross Reservoir consists of rain (346 millimeters (mm)) during the late spring, summer, and early fall (April-September) and snow during the remainder of the year (175 mm) or total annual precipitation of 521 mm (National Oceanic and Atmospheric Administration, 2000) . Cores were collected at elevations between 2,350 and 2,450 m on a northand on a south-facing site with hillslope lengths on the order of 200-400 meters (m) and slopes of 20-30°. The Fourmile Canyon fire burned through primarily ponderosa pine (Pinus pondersosa) and Rocky Mountain juniper (Juniperus scopulorum) on south-facing slopes and primarily Douglas fir (Pseudotsuga menziesii subspecies glauca) and limber pine (Pinus flexilis) on north-facing slopes. Soils on the south-facing site are stony and gravelly sandy loams described by the U.S. Department of Agriculture (USDA) Survey Staff (2011) as frigid Lithic Haplustolls with relatively high mica content and derived from granitic bedrock (Gable, 1980) . Soils on the north-facing site are derived from granodiorite and are primarily coarse to fine sandy-gravelly soils and classified as frigid Lamellic or Typic Haplustalfs (Gable, 1980 
Field Sampling Methods
To obtain representative samples, soil cores were collected along transects starting near a ridge line and extending down the hillslope. In the Fourmile Canyon area, there were two sites. The first site was on south-facing hillslopes (FMCSouth) with three 80-m transects on a burned hillslope and one 80-m transect on an unburned hillslope. The second site was on north-facing hillslopes (FMC-North) with three 80-m transects on a burned hillslope and one 80-m transect on an unburned hillslope. In the Pozo area, there was one site on south-facing hillslopes (Pozo-South) with three 40-m transects on burned south-facing hillslopes and one 40-m transect on an unburned hillslope. Soil cores were collected at nine equally spaced locations along each transect. The first three, the middle three, and the last three locations were combined to form three separate composite transect samples that would characterize particle size and root properties of the burned hillslope. The three composite transect samples were archived for later analysis by any interested researchers.
At one location (judged to be the most representative) along each of three transects, 11 additional soil cores were collected ( fig. 1A ). Five were collected to measure soil detachment rates in a shallow water, tilting laboratory flume, three replicate soil cores were collected, within about a 1-m diameter area, to characterize the particle size and organic matter, and three replicate soil cores were collected to characterize root properties of the soil cores used in the flume ( fig. 1B ). This group of 11 cores is called a cluster in this report, and thus, there were three clusters (A, B, and C) for each site on a burned hillslope, one cluster for each unburned site, and a total of 12 clusters from the three different sites (FMC-South, FMC-North, and Pozo-South) . Only the data from the cluster samples are given in this report.
Each soil core was divided into five subsamples representing different depths below the surface. Soil cores (4.7-cm diameter) collected for particle size and root properties were 10-cm long, and those cores for soil detachment measurements in the flume were 7.5-cm long. The core tubes were driven into the ground with a mallet, excavated by using a flat trowel slid under the bottom of the core tube, and subsamples were extruded from the core using a solid plastic cylinder mounted on a flat base at the following depth intervals: 0-1 cm, 1-3 cm, 3-5 cm, 5-7.5 cm, and 7.5-10 cm. In some cases, the core hit a pebble or rock, the core edge was re-sharpened or a spare core was used, and a new location was tried until a complete core was obtained. It was easier to obtain a full, intact core using the 7.5-cm long cores than using the 10-cm long cores.
Each subsample was placed in a separate zip-lock bag and taken back to the laboratory for analysis ( fig. 1 ). Soil cores for soil detachment measurements were excavated by A B Figure 1 . A, upper section shows the location for collecting cluster samples (A, B, and C) along transects (T1, T2, and T3) from one sample site called Fourmile Canyon South. B, lower section shows the details of the method of collecting subsamples of the soil core. Stainless steel pins are inserted into a series of holes in a solid plastic cylinder to provide stops as the core is slid down the extruding cylinder mounted to a base. At each stop, the protruding soil is retained inside a plastic annulus and then sliced at the bottom of the annulus by using the spatula to separate a subsample, which is put in labeled "zip-lock" sample bags.
using the flat trowel, but then each end of the core was capped tightly to prevent shifting of the core inside the core tube. Core tubes were labeled and were brought back to the laboratory and refrigerated until they were used in the flume. At each sampling location, notes were made on the general characteristics of the location such as the proximity to trees and other plants or shrubs. The site itself was further characterized in terms of plant species, the density of plants (stems per hectare, stems ha -1 ), size of trees (basal area and diameter at breast height), and shrubby vegetation and ground cover. Visual observations of root structure were made in the field and some photographs were obtained of root networks that were exposed either in a trench or by removing topsoil using a jet of water (data on file at U.S. Geological Survey Office in Boulder, Colorado).
Laboratory Methods
Soil and root properties were analyzed at the fixed depth intervals corresponding to the depth intervals of the subsamples collected in the field, whereas the soil detachment measurements were made at five depths approximately equal to the midpoint of each depth interval. Soil properties were bulk density [g cm -3 ], particle size distribution, and organic content; and root properties were root density [mg cm -3 ] and root-length density [cm cm -3 
Soil Physical Properties
Each cluster had three replicate soil samples of the source material collected at five different depths. Each of the 15 samples was processed for particle size by using standard sieving methods (Guy, 1977) . A sample was dried at 105°C for 24 hours (hr), weighed to determine the total mass, and split into two parts: one part was used for particle-size analysis and one part was used for soil organic content analysis. The mass of these splits ranged from 5-50 grams (g), so they were processed through a set of standard 3-inch diameter sieves to give 10 size classes (<0. 063, 0.063-0.125, 0.125-0.250, 0.250-0.500, 0.5-1.0, 1-2, 2-4, 4-8, 8-16, and 16-32 mm) . Bulk density was computed from the total mass, thickness (which depended on the depth interval, and diameter of the core equal to 4.7 cm). Field observations indicated that samples from the area burned by the Pozo fire had more clay and possibly more aggregates than the samples from the area burned by the Fourmile Canyon fire. Therefore, to ensure consistent treatment and to break up possible aggregates into their fundamental particle size, all samples were processed by vibrating, shaking, and gently abrading the soil in each sieve by hand rather than by using a mechanical sieve shaker. Sieved samples were weighed to nearest 0.001 g and the mass lost in processing the samples was typically less than 0.5 percent. The average of the three replicates for bulk density and percent of the total sample in each size class is listed in tables 1, 2, and 3 for each site.
Detached soil was transported as sediment during the flume experiments. This eroded sediment (> 0.063 mm) was collected, dried at 105°C for 24 hr, and reweighed. The sample was processed through the same set of 3-inch diameter sieves (without the 4-, 8-, and 16-mm sieves) to give 7 size classes. For these samples it was desired not to break up the aggregates, which represented the natural detachment form, and so the samples were not processed by hand, but by running them in a RoTap (Model RX-29, W.S.Tyler, Mentor, Ohio) sieve shaker for 10 minutes (min).
Soil Organic Content
Organic content was measured as loss on ignition (LOI) for the split (half of the total sample) of each of three replicates (Heiri and others, 2001 ). Each split sample (~5-50 g) was put in pre-weighed porcelain crucibles and reweighed. Samples were placed in a pre-heated muffle furnace at 500°C, removed after 2 hr, cooled in a desiccator, and reweighed to nearest 0.001 g. The average loss of mass for the three replicates is reported as an average percent of the total loss on ignition of each split in tables 1, 2, and 3 for each site.
Root Properties
Three replicate soil samples containing roots were collected at five different depths for each cluster. Each of the 15 samples was air dried in an open sample bag in the laboratory. The dried sample was put in a 2-mm sieve and the visible roots were removed and placed in a small plastic jar. The gravel fraction > 2 mm was weighed. Soil aggregates containing a network of fine roots were placed in a jar with water so that the aggregates could soak up water. A lid was put on the jar and it was gently shaken, in order to separate most of the fine roots from the soil aggregates. Roots floated to the surface and were extracted. The fraction < 2 mm fraction was wet sieved through a 0.5-mm sieve. Material retained in the 0.5-mm sieve was transferred to a white enamel tray with a 5-mm×5-mm grid drawn onto the base of the tray. Water was added to a depth of about 1cm, and the sample was spread uniformly across the tray. A squirt bottle was used to wash the roots off the sides and onto the water surface. A few drops of soap in the squirt bottle lowered the surface tension of water and helped reduce the clustering of roots along the edge of tray. Roots were manually extracted by using tweezers and a 10X magnifying lens. In some cases, it was difficult to distinguish between roots and other organic matter. All organic fragments that had a cylindrical shape with a length >1 mm were treated as roots. When roots were abundant and when there was little other floating material, the roots could be extracted using a suction pipette. At each grid element, roots and water were sucked into the pipette, discharged from the pipette onto a small piece (2 cm×1.5 cm) of fine (approximately 1 mm×1 mm) mesh attached to a handle, and then submerged under water in the root sample jar to release the extracted roots. This method was more time efficient but was not suitable for samples with abundant organic material which would contaminate the root sample and become a source of error in the root-mass measurements. Dead and live roots were not distinguished. However, some roots were visibly charred and possibly weakened by the fire. We rubbed the roots between our fingers and if the root rubbed onto the skin as charred material, the root was considered to be ineffective and excluded.
Root density and root-length density were measured as a function of soil depth for each site. Roots were dried in an oven at 65°C for 48 hr, cooled, and weighed to measure the root density (RD) [mg cm -3 ] (tables 1, 2, and 3). Root-length density, (RLD) [cm cm -3 ], was measured by following the procedure outlined by Tennant (1975) using a grid method ( fig. 2) . The accuracy of the procedure was evaluated by comparing the grid estimation method developed by Tennant (1975) with manual root-length measurements made by using calipers. The grid-based root-length estimation performed well (coefficient of determination, R 2 = 0.998) when compared to manual measurements of root lengths ( fig. 3) . RLD data in this report are based on the grid method (tables 1, 2, and 3). 
Flume Properties
The flume used to measure soil detachment rates from soil cores was a shallow-water, tilting flume. It was made of aluminum and was 10 cm wide and 50 cm long, with a maximum depth of 2.5 cm ( fig. 4) . A 5.1-cm diameter hole was cut into the 1-cm thick aluminum bed of the flume to permit insertion of the 4.7-cm diameter soil core (5.1-cm outside diameter), which was held in place by an extruder with piston mounted underneath the flume bed ( fig. 4 ). The center of the core was 39.5 cm downstream from the outlet of the flow diffuser, 10.5 cm from the end of the flume, and 4.7 cm from each side wall. At the beginning of each measurement run the surface of the core could be adjusted using the extruder piston to be approximately flush with the flume bottom.
Water was not recirculated in this flume so that only clear water flowed across the soil core; thus, all the associated detachment measurements in this report are for clear water conditions. Clear water from a laboratory supply line was run into a supply tank and water was pumped from the supply tank ( fig. 4C ) through a 3.2-cm diameter semi-flexible plastic tubing into the head box of the flume. Discharge could be manually controlled by an inline butterfly valve from 0.02-1.2 L s -1 . Water left the head box through a diffuser, flowed down the flume, across the soil core, fell off the flume bottom into a 115-L sump tank, and the water with any sediment was pumped out of the sump tank into a drain.
Flow depth was controlled by the discharge and slope of the flume bed. The flume was mounted on a box frame such that it could be tilted (by using a screw jack inside the box frame) from a horizontal to a maximum slope of about 0.80 (~40°). Flow depth was measured before each run by using a point gage (accuracy: 0.005 cm) mounted 7.5 cm upstream from the center of the core, and sometimes flow depth was measured after the run with a second point gage (accuracy: 0.005 cm) mounted 7.5 cm downstream from the center of the core. Discharge was computed from the measured volume (~4 L with an accuracy of + 10 mL) collected in a bucket and the corresponding time (accuracy + 0.01 s) to fill the bucket. Discharge in this type of flume is not a linear function of depth at all slopes ( fig. 5 ). The relation is non-linear for slopes less than < 0.08 and linear for slopes > 0.08. Slopes used in the detachment experiments ranged from 0.053-0.177 (tables 4-6; between solid black lines in fig. 5 ). Typical flow conditions in the flume (with a smooth plug inserted in the hole for the soil cores) were supercritical with Froude number (Dingman, 1984) increasing with slope from about 1 to 4, Reynolds number (Dingman, 1984) ranging from about 1.8×10 2 to 1.2×10 4 , and Darcy-Weisbach friction factor (Dingman, 1984) ranging from 0.05-0.4.
Boundary Shear Stress
While the flow in the flume was steady, it was not uniform. Generally, the water accelerated down the flume without any soil cores in place and varied between accelerating and decelerating with a soil core in place depending on the surface roughness of the soil. For uniform flow the shear stress, τ [dynes cm
-2 ] would simply be the product of water depth, h [cm], and flume slope,
where r [g cm -3 ] is density of water, and g is acceleration of gravity (980 cm s -2 ).
For accelerated flow, two terms must be added that represent the shear stress caused by change in mean velocity and change in pressure between two points (Julien, 1998) .
, and U 2 [cm s -1 ] are the water depths and mean cross-sectional velocities at points 1 and 2 separated by a distance, d [cm] , then the non-uniform shear stress is given by:
Non-uniform shear stresses were measured for smooth flume conditions and compared to non-uniform values corresponding to many different soil surface conditions. Initially, a suitable range of target shear stresses (16, 31, 95 , and 182 dynes cm -2 ) were selected for the flume experiments and combinations of flume slope and water depth were calculated that would give these values of uniform shear stresses (0.053, 0.30 cm; 0.053, 0.60 cm; 0.088, 0.110 cm; and 0.177; 0.105 cm; see tables [4] [5] [6] . The flume (with a smooth plug in the hole for the soil core) was run with these combinations to determine the non-uniform shear stresses (22, 63, 144, and 421 dynes 
cm
-2 ) under smooth conditions. The non-uniform shear stress was then periodically checked during actual conditions with different soil cores in the flume. Water depth was always set to a predetermined depth at the upstream point gage before each experimental run, but it was not possible to measure the water depth at the downstream point gage while collecting the sediment during the actual experimental run. Therefore, after a set of 3 runs (for a given depth below the surface of the core) a separate run was made without collecting sediment and the second depth was measured.
Mean velocities were computed from the two depths, width of the flume (10 cm), and the measured discharge, and τ N was computed for the condition with a soil core in place. The range of τ N measured in the flume with different roughness conditions of the soil surface bracketed the values measured for the smooth flume conditions ( fig. 6 ). There were 42, 40, 39, and 37 measurements corresponding to 22, 63, 144, and 421 dynes cm -2 , respectively. Linear regression of the average shear stress values for rough conditions with a soil core in place,τ N r , versus those for smooth conditions, τ N s , gave τ N r = 0.98τ N s (R 2 =0.99) with coefficient of variations for the four shear stresses (22, 63, 144 , and 421 dynes cm -2 ) used in the experiments that were 0.21, 0.27, 0.25, and 0.18, respectively.
Stream Power
Stream power can be expressed as either a power per unit bed area or power per unit weight. Stream power is the rate that energy or work is supplied to the flow by converting potential energy into kinetic energy (Bagnold, 1966; Yang, 1972 Bagnold (1966) as:
Stream power per unit area or unit stream power,
is Ω divided by the flow width or
where U is the cross-sectional mean velocity.
Unit stream power can also be expressed as power per unit weight of water if the flow is assumed to be steady and Water depth, h, in millimeters Figure 5 . Relations between water discharge and water depth, at different slopes, for the shallow-water tilting flume.
uniform (Yang, 1972) . The equation for this unit stream power, w w [cm s -1 ] was given by Yang (1972) as:
Flow in the tilting flume is non-uniform, so values of w a are listed in tables 4-6 as non-uniform unit stream power.
Soil Detachment Measurements
Each individual core provided five measurements for one value of shear stress at five different depths, which corresponded approximately to the midpoint of soil sampling intervals (0.5, 2, 4, and 6.25 cm). A second core was used for measurements for a different shear-stress value at five depths. Thus, soil detachment was measured at all four shear stresses by using four cores from a cluster. The fifth core collected in a cluster was archived in a refrigerator. Each burned site had three clusters, which provided three replicate measurements for each shear stress.
Two types of experimental runs were carried out to measure the soil detachment as a function of depth below the surface of the soil-a short run and a long run. For both runs, a soil core was mounted in the extruder ( fig. 4B ), and then attached to the underside of the flume so that the soil surface in the core was flush with the bed of the flume, which was set to the desired slope. Water drops were placed on the surface to qualitatively assess the water repellency, other physical and visual characteristics were recorded, and then the soil core was covered with a protective cover (piece of sheet metal) to prevent erosion while the desired flow depth (that would produce the required shear stress) was established by using the manual control valve ( fig. 4C ).
For a short run, once flow conditions were steady, the protective cover was removed and a bucket was simultaneously placed under the water falling off the end of the flume and a timer was started. Approximately 4 L of water was collected in the bucket and the timer was stopped as was the flow in the flume. The water in the bucket was poured through a 0.063-mm sieve, set inside a funnel, with the funnel's spout inside a 4-L graduated cylinder to measure the volume. The volume was recorded and then poured into a churn splitter (14-L, Bel-Arts Products, Wayne, New Jersey). The piston was advanced until 50 percent of the soil surface topography was again flush with the bed of the flume, the depth below the surface of the soil was recorded, the protective cover was replaced, and the flow restarted. The process was then repeated two more times to give a composite sample consisting of three short runs. After the third short run, the sediment in the 0.063-mm sieve was transferred into pre-weighed aluminum tray, dried at 105°C for 24 hr, and reweighed (accuracy 0.001 g) to determine the mass of the > 0.063-mm fraction. A subsample (400-500 mL) of water and sediment was withdrawn from the churn splitter, filtered through two, pre-weighed 0.45-micrometer (mm) membrane filters (HAWP04700, Millipore Ireland Ltd., Billerica, Massachusetts), dried at 105°C for one hour, and reweighed (after being in a desiccator for 15 min) to determine the mass of the < 0.063-mm fraction.
If the soil was non-cohesive and could be eroded, then the flowing water was used to erode the core down to the next desired depth and the process for three short runs described above was repeated. If the water could not erode the soil material, then the core was advanced by using the piston until just below the desired depth, and the core was cut manually by using scissors to cut root material and a thin piece of sheet metal to slice through the soil material. The soil surface was flushed twice with approximately 400 mL surge of water lasting 1-2 s, and then extruded a short distance until the surface topography was flush with the flume bed. Because the soil had been disturbed by cutting, a series of two short runs followed by a separate long run was used to measure the soil detachment.
A long run was carried out after collecting separate composite samples (> 0.063-mm and < 0.063-mm fractions) consisting of two short runs described above. For the long run, after removing the protective cover, a 0.063-mm sieve was inserted into the flow for 1 min, and at some point during this time interval, the bucket was held briefly (3-20 s) under the water coming through the sieve to collect ~ 4 L of sediment and water in order to determine the discharge and to obtain a sample of sediment < 0.063 mm. This sample was poured directly into a 4-L churn splitter (4-L, Bel-Arts Products), subsampled (~ 400-500 mL), and filtered through another set of two, pre-weighed 0.45-mm membrane filters to determine a mass of the < 0.063-mm fraction for the long run. The > 0.063-mm fraction, in the 0.063-mm sieve, was processed as described above, but was put in a separate aluminum tray and labeled as a long run. The long run is thought to be a better measurement of the soil detachment after the disturbance caused by cutting the core.
For the initial experiments, the short runs were physically combined with the long runs and then weighed to determine the total detachment rate (values in italics in tables [4] [5] [6] . For later experiments, the short and long runs were weighed separately, the detachment rates were calculated separately, and then combined mathematically to determine the total detachment rate. To estimate the detachment rates for the initial long runs in the initial experiments, correlation equations were developed for the > 0.063 mm and the < 0.063 mm fractions by plotting the values for long run from the later experiments (values in bold font in tables 4-6) versus the mathematically combined short and long runs for the same experiments. Power laws were found to be the best fit for the >0.063-mm data because equal weight was given to small and large values that spanned 3-4 orders of magnitude. Linear relations with intercept equal to zero were found to best fit for the <0.063-mm data because the range of values was less than those for the >0.063-mm fraction, and there were numerous zero values (essentially below the resolution of the measurement method), which the >0.063-mm fraction did not have, and thus, the <0.063-mm data could not be fitted to a power law. The Table 4 . Hydrologic parameters and sedimentologic results for soil core samples collected at the Fourmile Canyon South site.-Continued [Diameter of core = 4.7 cm; width of flume = 10 cm; distance between upstream and downstream water depths = 14.9 cm; distance downstream was only measured on 3rd run at a given core depth after a long run; italics, short runs were combined with a long run and then weighed; bold, long run; bold italics, long run was estimated from regression equations 6-11 given in the text; s, seconds; cm, centimeter; mm, millimeter; cm -2 , square centimeter; mL, milliliter; g, gram; >, greater than; < less than; SB, sample code; nm, not measured] [Diameter of core = 4.7 cm; width of flume = 10 cm; distance between upstream and downstream water depths = 14.9 cm; distance downstream was only measured on 3rd run at a given core depth after a long run; italics, short runs were combined with a long run and then weighed; bold, long run; bold italics, long run was estimated from regression equations [6] [7] [8] [9] [10] [11] [Diameter of core = 4.7 cm; width of flume = 10 cm; distance between upstream and downstream water depths = 14.9 cm; distance downstream was only measured on 3rd run at a given core depth after a long run; italics, short runs were combined with a long run and then weighed; bold, long run; bold italics, long run was estimated from regression equations 6-11 given in the text; s, seconds; cm, centimeter; mm, millimeter; cm -2 , square centimeter; mL, milliliter; g, gram; >, greater than; < less than; SB, sample code; nm, not measured] 
Results and Discussion
Two types of data were collected from three different sites and are presented in this report. The first type of data describes the soil and root properties, and the second type is associated with the flume experiments to measure soil detachment. Results are presented in the order FMC-South, FMCNorth, and Pozo-South unless otherwise noted. Mean values of all properties represent the average of three replicates for each of three clusters from the burned areas or nine samples, and the average of three samples (one cluster) from the unburned area.
Soil Properties
Bulk density generally increased with depth below the surface of the soil. Bulk density for each unburned area was affected by the amount of organic matter in the surface samples. The FMC-South site had the largest amount of organic material and thus the lowest bulk density (dashed blue line in fig. 7 ) at the surface. This effect decreased with depth such that the mean bulk densities at 6.3 cm were 1.28, 1.49, and 1.41 g cm -3 for the soils from FMC-South, FMC-North, and Pozo-South. Mean values for soils from the burned area at the surface (0.5 cm) were essentially the same (1.04 and 1.07 g cm -3 ) for the FMC-South and FMC-North sites, but the mean value at the Pozo-South site was greater (1.25 g cm -3 ) than the two FMC sites (tables 1-3) . Corresponding mean values at 6.3 cm were 1.38, 1.28, and 1.31 g cm -3 . Values at the deepest depth (8.8 cm) were more variable; due to their location at the end of the core, it was difficult to always obtain a sample exactly 2.5 cm thick. Thus, the volume used in the bulk density calculation had more uncertainty than at shallower depths. 
EXPLANATION
Organic matter in the soil, as measured by loss on ignition, generally decreased with depth below the surface of the soil. Samples from the FMC-South site had the most organic matter incorporated into in the surface soil (43.8 percent), those from the FMC-North site had the least organic matter (4.9 percent), and those from the Pozo site had 6.0 percent. Burning this organic matter generally reduced the mean values for soils in the burned area so that at the surface (0.5 cm) they were 7.2 percent, 6.1 percent, and 4.2 percent. The exception is the mean value for the FMC-North site, which had some residual unburned duff material that the other sites did not have. The three clusters collected in the FMC-North site also had more variability than the other sites with values ranging from 3.2 percent (less than the unburned value) to 9.8 percent (table 2) . Mean values of organic matter at the deepest depth (8.8 cm) in the burn areas were essentially minimum values at all sites and were 3.1 percent, 4.0 percent, and 3.4 percent, respectively ( fig. 8) .
Percent of silt and clay (<0.063 mm) differed more between the three sites than did the bulk density or the amount of organic matter. Silt and clay percentages of the surface soils (0.5 cm) from the unburned area in the FMC-South (5.8 percent ) and FMC-North (9.3 percent) sites were less than at the Pozo site (10.6 percent), which had a thin veneer of fine gravel on the surface; this created a minimum value of silt and clay at the surface (tables 1, 2, and 3). Below the surface, the percent of silt and clay decreased with depth ( fig. 9) . A rain storm caused some runoff after the Pozo fire and before we collected samples in January, 2011. This runoff removed some of the veneer of fine gravel and the percent silt and clay at the surface was greater in the burned area than in the unburned area. Samples from the burned area in the Pozo site had the largest percentage at all depths with the mean values decreasing from 23.4 percent (0.5 cm) to 19.4 percent (8.8 cm). Similar percentages for the burned area in the FMC-North site were substantially less (ranging from 14.4 percent to 7.3 percent), and the lowest percentages were in the FMC-South (ranging from 8.0 percent to 5.1 percent) ( fig. 9 ).
Root Properties
The root density RD and root-length density RLD varied between sites. The RD and RLD measurements near the soil surface (0-1cm) in unburned clusters at Fourmile Canyon were consistently higher than the burned clusters. At Pozo, there was no difference between the burned and unburned clusters. At FMC-South and FMC-North, the RD and RLD had maximum values between 2 and 5 cm below the surface, whereas at the Pozo site these root properties increased monotonically with depth ( fig. 10 ). RD and RLD were generally lower in the soils from the Pozo site than from the Fourmile Canyon site (figs. 10 and 11). RD and RLD were more variable near the surface above 4 cm and less variable below 4 cm. Overall, RD was more variable at FMC-North, and less variable at Pozo than RLD. At FMC-South, the overall variability in the two root properties were similar. RD and RLD are related. However, the relation between the two root properties is weak ( fig. 12 ), as expected given that root density is highly influenced by short and thick roots, whereas RLD is strongly influenced by fine roots which have low mass but may be very long (for example, mycorrhizas). A steeper slope in ( fig. 12 ) indicates more root length per unit mass of root. Abundant mycorrhizas were found in some samples from Fourmile Canyon usually at depths above 3 cm. Mycorrhizal associations are commonly reported in roots systems of Douglas Fir stands in both near surface organics and in mineral soil (Kluber and others, 2010) .
Soil Detachment Rates
The detached soil was separated into two fractions (>0.063 mm and <0.063 mm) during each experimental run. The > 0.063mm eroded sediment was further separated into seven size classes (tables 4-6) after drying (see "Laboratory Methods" section above). One of the size classes was <0.063 mm, but this class represents those aggregates that broke during the sieve analysis. The five cores composing a cluster were collected within a 1-m radius, so that we assumed they were similar and a different core could be used for each shear stress. However, the clusters themselves were separated by distances on the order of 50-500 m, so that there may be substantial differences in soil properties; therefore, data were analyzed for each separate cluster. This separation was warranted for other reasons. For example, the FMC-North Cluster A was unique because these cores were collected from under a tarp, which had been put in place about 2 weeks (mid-September, Cluster B cores were also unique in that they were collected 1 year (yr) after the wildfire (in October, 2011) , and during the intervening time, wind and water erosion had altered the surface. Additionally, there was only a single cluster from each unburned site.
Non-Uniform Shear Stress and Root-Length Density
Detachment rates and transport rates have often been related to the variables of boundary shear stress or stream power. Both variables are frequently expressed as the excess shear stress or excess stream power that is greater than some critical shear stress or critical stream power. The range of critical shear stress values for particle diameters from 0.063 mm to 1.0 mm is 2-8 dynes cm -2 (Wiberg and Smith, 1987; Moody and others, 2005) , and these are much smaller than the shear stress (22-421 dynes cm -2 ) used in these experiments. It is unlikely that we could determine the critical shear stress or critical unit stream power values. Thus, as a first step, we determined the relations between the detachment rate and the non-uniform shear stress for the >0.063 mm and <0.063-mm size fractions of the eroded sediment. For non-cohesive sediment in streams, the literature (Meyer-Peter and Müller, 1948; Roberts and others, 1998; Yang, 2006) indicates that the relation between detachment rate or transport rate and shear stress is generally a power law with exponent >1 and often equal to 1.5.
Some literature for soils and cohesive sediments (Foster, 1982; Lane and others, 1987; Elliot and others, 1989; Foster and others, 1995; Nachtergaele and Poesen, 2002; Huang and others, 2006) indicates that the exponent of the power law may be < 1. So, as an initial investigation, a power law was fit to the data for non-uniform shear stress, τ N , and non-uniform unit stream power, w aN . Deviations from the power-law form of the relation may indicate some type of cohesive or root effects. For some samples of the < 0.063 mm fraction, there was a trace amount of sediment, and these values are listed in tables 4, 5, and 6 as "0.0." Zero cannot be used when fitting a power law, so that for depths with "0.0" a linear relation passing through (0,0) was computed (see "Laboratory Method" section above and tables 4, 5, and 6). 
EXPLANATION
Detachment rates could also depend on root and cohesive properties of the soils. Therefore, as a second step, we determined the power-law relation between detachment rates and root-length density for the > 0.063-mm and <0.063-mm size fractions. Values of RLD were not extracted for each core measured in the flume, but were the average for specific depth intervals (0-1, 1-3, 3-5, 5-7.5, and 7.5-10 cm) from the three replicate cores collected from the same site. These values were interpolated to determine values of RLD at the specific depths of the detachment measurements, and were extrapolated to the surface by using two different assumptions. The first assumption was that RLD at the soil surface was zero and RLD values were interpolated values between 0 and 0.5 cm, and the second assumption was that RLD was a constant between the soil surface and 0.5 cm, and the value was constant and equal to the value of RLD at 0.5 cm. Power laws for τ N and w aN were fit to four values of shear stress or stream power (applied to four different cores) for five depth ranges (depths were not exactly the same for each core), whereas the power laws for RLD were fit to four values of RLD within the same core having the same non-uniform shear stress or stream power.
The coefficient of determination, R 2 , was used to indicate the goodness-of-fit to the power law relations between the detachment rate and the τ N or the root-length density. Five value of R 2 (one for each depth) for the power law fits using τ N or w aN for each cluster were averaged. Similarly, the four values of R 2 (one for each value of τ N ) for the power law fits using RLD were averaged for each cluster. How the RLD was extrapolated to the surface made little difference, so R 2 values are given here for the first assumption (RLD=0 at the soil surface). For the >0.063 mm fraction, the R 2 values for all clusters ranged from 0.33 to 0.86 for τ N and from 0.07 to 0.91 for RLD ( fig. 13A ) indicating a wide range of spatial variability. Spatial variability between sites is certainly expected, but the spatial variability between clusters within each site was surprising. For example, two very different clusters (Cluster B from FMC-North collected 1 yr after the wildfire and the Pozo unburned) had the highest R 2 -values for τ N and the lowest for RLD ( fig. 13A) .
However, the FMC-North cluster A collected under the tarp with the ash layer intact had the combined lowest RLD varied from -9.5 to 5.3 and the exponent of the power law for τ N ranged from -0.34 to 2.5. No clusters showed any consistent pattern with depth. This wide variability of goodness-of-fit and the value of the exponent for the power laws indicated that a multiple regression including both variables was justified. For the <0.063 mm size fraction, only two clusters had R 2 values for RLD > 0.60. These were the FMC-South Cluster C (R 2 =0.65), which was noted in the field to have many cacti roots and has a distinct maximum at 2 cm depth for the RLD (fig. 8) , and Pozo Cluster A (R 2 =0.63), which also had a high R 2 -value (0.85) for the >0.063 mm size fraction. Only 4 of the 12 clusters had R 2 values for τ N greater than 0.60 compared to seven clusters for the >0.063 mm size fraction ( fig. 13B ). These results suggest that the detachment rate for the <0.063 mm size fraction is generally not dependent on τ N or RLD. Based on the low R 2 -values for <0.063 mm size, no multipleregression analysis was done for the <0.063 mm size fraction.
Non-Uniform Unit Stream Power and Root-length Density
The results based on the non-uniform unit stream power were almost the same as those based on the non-uniform shear stress. On average the R 2 -values were slightly greater (0.03), but were not statistically significant (p=0.085; paired t-test). The slight improvement is probably because w aN was calculated by using the measured discharge, which varied slightly for the five experimental runs for a given core, whereas τ N was constant for the five runs. The measured τ N also may provide improved goodness-of-fits. Unfortunately, there are only 20 runs out of the total of 60 runs for all sites that had measured τ N values for all four shear stresses, and 45 percent of these did indicate slight improvements in the goodness-of-fit similar to the data for w aN . 
Multiple Regressions using Flow and Root Variables
Multiple regression analysis was done for just the >0.063 mm size fraction using the root-length density and the non-uniform shear stress or the non-uniform stream power as independent variables. The general form of the relation for the detachment rate, E [g cm -2 s -1 ] is:
where b1 is a constant and b2 and b3 are exponents determined by the multiple regression analysis (table 7 .) The first assumption relative to extrapolating RLD to the surface (RLD=0 cm cm -3 at 0 cm) was used, and all data were log transformed. Regression models (Brown, 2009 ) for each cluster were run separately (table 7) , and all the data were combined rather than separating by depth (as done for the initial regression for τ N and w aN ) or by shear stress (as done for the initial regression for root-length density). Because the data were log transformed, another measure of goodness-of-fit, the log RMSE (table 7) , was used for these multiple regression models. This measure is the square root of the mean of the square values of the natural logarithm of the ratio of the predicted value divided by the measured value (Kroll and Stedinger, 1996) . The goodness-of-fit as indicated by the R 2 -value was higher (minimum R 2 =0.11) for these multiple regression models than for the single variable regression models (minimum R 2 =0.0014) discussed in the previous section. However, there was still a wide range of values for the exponents (b2 and b3, table 7) for the independent variables.
Exponents for the RLD were mostly negative (fig. 14; except for FMC-SA and FMC-NC); this indicates that the detachment rate decreased with an increase in RLD. Exponents for the τ N (or w aN ) were always positive ( fig. 14) and had a narrower range of values equal to 0.34 to 1.96 (0.11 to 1.29) compared to those for the initial single regression models, which were -0.34 to 2.5 (-0.73 to 2.1). Exponents for τ N were always greater than those for w aN and averaged 1.01 and 0.83, respectively, based on all data from burned and unburned areas. This is probably due to the fact that the stream power is the shear stress multiplied by the mean velocity (related to energy or power). Overall the multiple regression models predicted the detachment rates for the Pozo soils best with R 2 -values ranging from 0.60-0.79 using τ N and from 0.63 to 0.84 using w aN . Average values (for all clusters from all burned areas) were b1 = -1.80, b2 = 0.82 and b3 = -0.88. Similar results were found using the non-uniform stream power (b1=-3.62, b2=0.67, and Table 7 . Multiple regression information for the detachment rate as a function of root-length density and either non-uniform shear stress or non-uniform stream power.
[FMC, Fourmile Canyon; UB, unburned; S, South; N, North; b1 is a constant, b2 and b3 are exponents in the equation E = b1τ b2 N RLD b3 where τ N is the non-uniform shear stress and RLD is the root-length density; R 2 , coefficient of determination; log RMSE, error statistic equal to the root mean square of the logrithm of the predicted value divided by the observed value] Exponent for non-uniform shear stress Exponent for non-uniform stream power Exponent for root-length density Exponent for root-length density Figure 14 . Exponents of the independent variables used in multiple regressions of log transformed data in which detachment rate for greater than 0.063 mm size fraction is the dependent variable. A, Root-length density and non-uniform shear stress. B, Root-length density and non-uniform stream power.
b3=-0.88; table 7)
. These results indicate that the erodibility parameters for soil within burned areas need to include depth and root properties. The wide variation in multiple regression models for the detachment rate from the multiple clusters and sites suggest that there is not a single model. A single model for nonuniform shear stress and a single model for non-uniform unit stream power were tested by using all the data from just the nine clusters collected from the burned sites (176 values) to determine two models. The goodness-of-fit for these models is low (R 2 ~ 0.25; log RMSE ~ 1.94), over predicts detachment ranges at the low end, and under predicts detachment rates at the high end of the measured detachment rates ( fig. 15 ).
Soil Erodibility
If the detachment rate, E, is a linear relation of some flow variable, X, then the erodibility can be simply defined as K=E/X, which makes the implicit assumption that the erodibility is a constant property of a given soil. Results from this study measured a wide range of exponents for the flow variables τ N and w aN for each cluster. These exponents were not equal to 1 (table 7) , which suggests some form of non-linear relation is appropriate. However, the range was even wider for the single variable regressions but decreased considerably when the root-length density parameter was included in the multiple regressions. This implies that K is not a constant property of the soil but also a function of root properties. If n in the relation E=KX n is not equal to 1, then the meaning of K becomes hard to define. Interestingly, the average values of all 12 exponents (table 7) determined for τ N was 1.00 + 0.50 (+ standard deviation), and for w aN , the average was 0.85 + 0.47, which suggests τ N might be the appropriate flow variable to use when computing erodibility ( fig. 16 ). However, this changes when the exponents for the unburned and burned data are separated. The average value for the unburned sites are τ N =1.58 + 0.33 (similar to the exponent used for some sediment transport laws; Meyer-Peter and Müller, 1948; Roberts and others, 1998; Yang, 2006) and w aN =1.33 + 0.31, whereas for the burned sites the averages are 0.82 + 0.40 and 0.67 + 0.40, respectively making the decision on how to define K more uncertain. Including the RLD variable as an explicit part of K made the exponents of the flow variable less diverse and closer to 1. It is possible that by including other types of soil variables (physical, chemical, biological, and burn severity; Busse and DeBano, 2005; DeBano and others, 2005; Knoepp and DeBano, 2005) , such as soil moisture (Bryan, 2000; Nachtergaele and Poesen, 2002) or a particle-size parameter, would help to decrease the variability more and the erodibility would become a linear function of one of the flow variables. However, this is beyond the immediate objective of this report. Soil moisture changes with time and other properties may also change (Bryan, 2000) . This is highlighted by the results for the FMC-NB cluster, which was collected 1 yr after the wildfire in 2011. During this time, the Fourmile Canyon burned area was affected by snow cover during the winter and by spring melt and later by cyclonic and convective rainstorms during the spring, summer, and fall; all types of precipitation likely eroded some of the surface material. Soil erodibility results for this cluster were quite different than those for the FMC-NC cluster (collected soon after the wildfire in 2010); this suggests changes in K with time.
Better measurements of the actual shear stress and stream power values experienced by the soil particles at the surface of the core would most likely improve the detachment relations. This would require being able to subtract out from the total boundary shear stress, for example, the shear stress associated with the drag on the protruding roots tips or stems ( fig. 17A ) and small particles on the order of 0.2-1.0 mm ( fig. 17B ). Both represent a substantial drag (Smith, 2004) for shallow flows on the order of 3-11 mm deep, which were used in these experiments and are certainly typical of overland flows on burned hillslopes. As the surface evolved during the flow, numerous pits developed that affect the flow and hence the shear stress and stream power available to erode sediment. Additionally, we observed air films that developed (usually on highly repellent surfaces) between the surface of the core and the water ( fig. 17C ). These air films have been observed by others (Moody and others, 2005) in flume studies and prevented any erosion of the surface until air escaped in bursts from beneath the soil surface; this movement detached soil particles and aggregates. The exact areal distribution of air film during overland flow in the field has not been determined, but might be considered in future research. 
Summary
The heat released during wildfires affects sediment availability through soil heating and the combustion of vegetation, litter, and organic material within the soil. This can result in a temporary or permanent change in erodibility of soils, such that detachment and transport by overland flow is easier. This study aimed to quantify the erodibility of burned soil at different depths and relate variability in detachment rate to different flow and soil properties. Soil cores were collected (to measure erodibility using a shallow, tilting flume and to measure soil and root properties) from two different burned areas (2010 Fourmile Canyon fire in Colorado and 2010 Pozo fire area in California) with contrasting geology, soil-particle size, and vegetative characteristics.
Soil properties (bulk density, organic matter, and amount of silt and clay) and root properties (root density (RD) and root-length density (RLD)) showed distinct trends with soil depth. All sites displayed an increase in bulk density with depth and a slight decrease in organic matter (loss on ignition) and percent of silt and clay with depth below the surface. Bulk density and soil organic matter were relatively similar across the three sites, but percent silt and clay was generally higher in the Pozo site than in the FMC sites. At all sites, the RD and RLD were lowest near the soil surface. At the two sites in Fourmile Canyon, the root properties had maxima between 2 and 5 cm below the soil surface, whereas at Pozo, the RD and RLD increased monotonically with depth.
Detachment rates for burned and unburned soils were measured using a tilting flume which was modified so that the cylindrical cores could be inserted, attached below the flume bed (so that they were flush with the flume bed), and then could be extruded to exposed different depths below the soil surface. The detachment rate of burned soil cores decreased by up to 1-2 orders of magnitude between surface and subsurface soils in the top 2 cm of the soil profile. Subsurface soils from the Pozo site had lower variability in detachment rates than soils from the Fourmile Canyon site.
The relation between detachment rate and flow variables was a power law for each depth in individual clusters, but the exponent was quite variable. The depth-averaged exponent for each cluster varied from 0.34 to 1.34 across all burned sites. Additional variability in detachment rates of burned soil could be linked to RLD. A multivariate regression indicated that the detachment rate of burned soils E [g cm -2 s -1 ] was a function of the flow variable,τ N [dyne cm -2 ], and the root variable, RLD [cm cm -3 ]. The general form of the relation for the detachment rate, E was:
where the average values (for all clusters from all burned areas) were b1 = -1.80, b2 = 0.82 and b3 = -0.88. Similar results were found using the non-uniform stream power (b1=-3.62, b2=0.67, and b3=-0.89). These results indicate that the erodibility parameters for soil within burned areas need to include depth and root properties.
